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Decay properties of Pc states through the Fierz rearrangement
Hua-Xing Chen∗
School of Physics, Beihang University, Beijing 100191, China
School of Physics, Southeast University, Nanjing 210094, China
We systematically study hidden-charm pentaquark currents with the quark configurations
[c¯u][udc], [c¯d][uuc], and [c¯c][uud]. Some of their relations are derived using the Fierz rearrangement
of the Dirac and color indices, and the obtained results are used to study strong decay properties
of Pc states as D¯
(∗)Σc hadronic molecules. We calculate their relative branching ratios for the
J/ψp, ηcp, χc0p, χc1p, D¯
(∗)0Λ+c , D¯
0Σ+c , and D¯
−Σ++c decay channels. We propose to search for the
Pc(4312) in the ηcp channel and the Pc(4440)/Pc(4457) in the D¯
0Λ+c channel.
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I. INTRODUCTION
Since the discovery of the X(3872) in 2003 by Belle [1],
many charmonium-like XY Z states were discovered in
the past twenty years [2]. Besides, the LHCb Collabora-
tion observed three enhancements in the J/ψp invariant
mass spectrum of the Λb → J/ψpK decays [3, 4]:
Pc(4312)
+ : M = 4311.9± 0.7+6.8−0.6 MeV ,
Γ = 9.8± 2.7+3.7−4.5 MeV ,
Pc(4440)
+ : M = 4440.3± 1.3+4.1−4.7 MeV , (1)
Γ = 20.6± 4.9+8.7−10.1 MeV ,
Pc(4457)
+ : M = 4457.3± 0.6+4.1−1.7 MeV ,
Γ = 6.4± 2.0+5.7−1.9 MeV .
These structures contain at least five quarks, c¯cuud, so
they are perfect candidates of hidden-charm pentaquark
states. Together with the charmonium-like XY Z states,
their studies are significantly improving our understand-
ing of the non-perturbative behaviors of the strong inter-
action at the low energy region [5–14].
The Pc(4312), Pc(4440), and Pc(4457) are just be-
low the D¯Σc and D¯
∗Σc thresholds, so it is quite nat-
ural to interpret them as D¯(∗)Σc hadronic molecular
states, whose existence had been predicted in Refs. [15–
19] before the LHCb experiment performed in 2015 [3].
This experiment observed two structures Pc(4380) and
Pc(4450). Later in 2019 another LHCb experiment [4]
observed a new structure Pc(4312) and further sepa-
rated the Pc(4450) into two substructures Pc(4440) and
Pc(4457).
To explain these Pc states, various theoretical inter-
pretations were proposed, such as loosely-bound meson-
baryon molecular states [20–37] and tightly-bound pen-
taquark states [38–47], etc. Since they have only
been observed in the J/ψp invariant mass spectrum by
LHCb [3, 4], it is crucial to search for some other de-
cay channels in order to better understand their nature.
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There have been some theoretical studies on this sub-
ject, using the heavy quark symmetry [48, 49], effective
approaches [50–53], QCD sum rules [54], and the quark
interchange model [55], etc. We refer to reviews [5–14]
and references therein for detailed discussions.
In this paper we shall apply the Fierz rearrangement
of the Dirac and color indices to study strong decay
properties of Pc states as D¯
(∗)Σc hadronic molecules,
which method has been used in Ref. [56] to study strong
decay properties of the Zc(3900) and X(3872). The
present approach follows the idea of the QCD factor-
ization method [57–59], which has been widely and suc-
cessfully used to study weak decay properties of heavy
hadrons. A similar arrangement of the spin and color in-
dices in the nonrelativistic case was used to study decay
properties of XY Z and Pc states in Refs. [48, 55, 60–64].
In this paper shall use the c¯, c, u, u, and d (q = u/d)
quarks to construct hidden-charm pentaquark currents
with the three configurations: [c¯u][udc], [c¯d][uuc], and
[c¯c][uud]. In Refs. [65–67] we have found that these three
configurations can be related as a whole, while in the
present study we shall further find that two of them are
already enough to be related to each other, just with
the color-octet-color-octet meson-baryon terms included.
Using these relations, we shall study strong decay prop-
erties of Pc states as D¯
(∗)Σc molecular states.
Our strategy is quite straightforward. First we need a
hidden-charm pentaquark current, such as
η1(x, y) = [δ
abc¯a(x)γ5ub(x)] (2)
× [ǫcdeuTc (y)Cγµdd(y)γµγ5ce(y)] ,
where a · · · e are color indices. It is the current best
coupling to the D¯0Σ+c molecular state of J
P = 1/2−,
through
〈0|η1(x, y)|D¯0Σ+c ; 1/2−(q)〉 = fPcu(q) , (3)
where u(q) is the Dirac spinor of the Pc state.
After the Fierz rearrangement of the Dirac and color
indices, we can transform it to be
η1(x, y) → − 1
12
[c¯a(x
′)γ5ca(x
′)] N(y′) (4)
+
1
24
[c¯a(x
′)γµca(x
′)] γµγ5N(y
′) + · · · ,
2where
N = ǫabc(uTaCdb)γ5uc − ǫabc(uTaCγ5db)uc , (5)
is the Ioffe’s light baryon field well coupling to the pro-
ton [68–70]. Hence, η1(x
′, y′) couples to the ηcp and J/ψp
channels simultaneously:
〈0|η1(x′, y′)|ηcp〉 ≈ − 1
12
〈0|c¯aγ5ca|ηc〉 〈0|N |p〉+ · · · ,(6)
〈0|η1(x′, y′)|ψp〉 ≈ 1
24
〈0|c¯aγµca|ψ〉 γµγ5〈0|N |p〉+ · · · .
The above two equations can be easily used to calculate
the relative branching ratio of the Pc decay into ηcp to
its decay into J/ψp [71]. Detailed discussions on this will
be given below.
This paper is organized as follows. In Sec. II we
systematically study hidden-charm pentaquark currents
with the quark content c¯cuud. We consider three dif-
ferent configurations, [c¯u][udc], [c¯d][uuc], and [c¯c][uud],
whose relations are derived in Sec. III using the Fierz re-
arrangement of the Dirac and color indices. In Sec. IV
we extract some strong decay properties of D¯(∗)0Σ+c
and D¯(∗)−Σ++c molecular states, which are combined in
Sec. V to further study strong decay properties of D¯(∗)Σc
molecular states with I = 1/2. The results are summa-
rized in Sec. VI.
II. HIDDEN-CHARM PENTAQUARK
CURRENTS
We can use c¯, c, u, u, and d (q = u/d) quarks to con-
struct many types of hidden-charm pentaquark currents.
In the present study we need the following three, as il-
lustrated in Fig. 1:
η(x, y) = [c¯a(x)Γ
η
1ub(x)]
[
[uTc (y)CΓ
η
2dd(y)] Γ
η
3ce(y)
]
,
ξ(x, y) = [c¯a(x)Γ
ξ
1db(x)]
[
[uTc (y)CΓ
ξ
2ud(y)] Γ
ξ
3ce(y)
]
,
θ(x, y) = [c¯a(x)Γ
θ
1cb(x)]
[
[qTc (y)CΓ
θ
2qd(y)] Γ
θ
3qe(y)
]
,
(7)
where Γ
η/ξ/θ
1/2/3 are Dirac matrices, the subscripts a · · · e are
color indices, and the sum over repeated indices (both
superscripts and subscripts) is taken.
All the independent hidden-charm tetraquark currents
of JPC = 1+± have been constructed in Refs. [56, 72–
75]. However, in this case there are hundreds of hidden-
charm pentaquark currents, and it is difficult to find out
all the independent ones (see Refs. [65, 66] for relevant
discussions). Hence, in this paper we shall not construct
all the currents, but just investigate those that are needed
to study decay properties of the Pc(4312), Pc(4440), and
Pc(4457). We shall separately investigate their color and
Lorentz structures in the following subsections.
A. Color structure
Taking η(x, y) as an example, there are two possibil-
ities to compose a color-singlet field: [c¯u]1c [udc]1c and
[c¯u]8c [udc]8c . We can use the color-singlet-color-singlet
meson-baryon term
[δabc¯aub][ǫ
cdeucddce] , (8)
to describe the former, while there are three color-octet-
color-octet meson-baryon terms for the latter:
[λabn c¯aub][ǫ
cdfλfen ucddce] ,
[λabn c¯aub][ǫ
defλfcn ucddce] , (9)
[λabn c¯aub][ǫ
ecfλfdn ucddce] .
Only two of them are independent due to
ǫcdfλfen + ǫ
defλfcn + ǫ
ecfλfdn = 0 , (10)
which is consistent with the group theory that there are
two and only two octets in 3c⊗3c⊗3c = 1c⊕8c⊕8c⊕10c.
Similar argument applies to ξ(x, y) and θ(x, y).
In Refs. [65, 66] we use the color rearrangement
δabǫcde = δacǫbde + δadǫcbe + δaeǫcdb , (11)
together with the Fierz rearrangement to derive the rela-
tions among all the three types of currents, e.g., we can
transform an η current into the combination of many ξ
and θ currents:
η → ξ + θ . (12)
In the present study we further derive another color
rearrangement:
δabǫcde =
1
3
δaeǫbcd− 1
2
λaen ǫ
bcfλfdn +
1
2
λaen ǫ
bdfλfcn . (13)
Note that the other color-octet-color-octet meson-baryon
term λaen ǫ
cdfλfbn can also be included, but the first coef-
ficient 1/3 always remains the same. This is reasonable
because the probability of the relevant fall-apart decay is
just 33% if only considering the color degree of freedom,
as shown in Figs. 2(a) and 3(a).
Using the above color rearrangement in the color space,
together with the Fierz rearrangement in the Lorentz
space to interchange the ub and ce quark fields, we can
transform an η current into the combination of many θ
currents (both color-singlet-color-singlet and color-octet-
color-octet ones). Similar arguments can be applied to
relate
η ↔ ξ , ξ ↔ θ , θ ↔ η , (14)
whose explicit formulae will be given in Sec. III.
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FIG. 1: Three types of hidden-charm pentaquark currents. Quarks are shown in red/green/blue color, and antiquarks are
shown in cyan/magenta/yellow color.
TABLE I: Couplings of meson operators to meson states, where color indices are omitted for simplicity. Taken from Ref. [56].
Operators IGJPC Mesons IGJPC Couplings Decay Constants
IS = c¯c 0+0++ χc0(1P ) 0
+0++ 〈0|IS|χc0〉 = mχc0fχc0 fχc0 = 343 MeV [76]
IP = c¯iγ5c 0
+0−+ ηc 0
+0−+ 〈0|IP |ηc〉 = ληc ληc =
fηcm
2
ηc
2mc
IVµ = c¯γµc 0
−1−− J/ψ 0−1−− 〈0|IVµ |J/ψ〉 = mJ/ψfJ/ψǫµ fJ/ψ = 418 MeV [77]
IAµ = c¯γµγ5c 0
+1++
ηc 0
+0−+ 〈0|IAµ |ηc〉 = ipµfηc fηc = 387 MeV [77]
χc1(1P ) 0
+1++ 〈0|IAµ |χc1〉 = mχc1fχc1ǫµ fχc1 = 335 MeV [78]
ITµν = c¯σµνc 0
−1±−
J/ψ 0−1−− 〈0|ITµν |J/ψ〉 = if
T
J/ψ(pµǫν − pνǫµ) f
T
J/ψ = 410 MeV [77]
hc(1P ) 0
−1+− 〈0|ITµν |hc〉 = if
T
hcǫµναβǫ
αpβ fThc = 235 MeV [77]
OS = c¯q 0+ D¯∗0 0
+ 〈0|OS |D¯∗0〉 = mD∗0 fD∗0 fD∗0 = 410 MeV [79]
OP = c¯iγ5q 0
− D¯ 0− 〈0|OP |D¯〉 = λD λD =
fDm
2
D
mc+md
OVµ = c¯γµq 1
− D¯∗ 1− 〈0|OVµ |D¯
∗〉 = mD∗fD∗ǫµ fD∗ = 253 MeV [80]
OAµ = c¯γµγ5q 1
+
D¯ 0− 〈0|OAµ |D¯〉 = ipµfD fD = 211.9 MeV [2]
D¯1 1
+ 〈0|OAµ |D¯1〉 = mD1fD1ǫµ fD1 = 356 MeV [79]
OTµν = c¯σµνq 1
±
D¯∗ 1− 〈0|OTµν |D¯
∗〉 = ifTD∗(pµǫν − pνǫµ) f
T
D∗ ≈ 220 MeV
– 1+ – –
B. η/ξ(x, y) and heavy baryon fields
In this subsection we construct the η(x, y) and ξ(x, y)
currents. To do this, we need charmed meson opera-
tors as well as their couplings to charmed meson states,
which can be found in Table I (see Ref. [56] and ref-
erences therein for detailed discussions). We also need
“ground-state” charmed baryon fields, which have been
systematically constructed and studied in Refs. [81–83]
using the method of QCD sum rules [84, 85] within the
heavy quark effective theory [86–88]. We briefly summa-
rize the results here.
The interpolating fields coupling to the JP = 1/2+
ground-state charmed baryons Λc and Σc are
JΛ+c = ǫ
abc[uTaCγ5db]cc ,√
2JΣ++c = ǫ
abc[uTaCγµub]γ
µγ5cc , (15)
JΣ+c = ǫ
abc[uTaCγµdb]γ
µγ5cc ,√
2JΣ0c = ǫ
abc[dTaCγµdb]γ
µγ5cc .
Their couplings are defined as
〈0|JB|B〉 = fBuB , (16)
4where uB is the Dirac spinor of the charmed baryon
B, and the decay constants fB have been calculated in
Refs. [81–83] to be
fΛc = 0.015 GeV
3 , (17)
fΣc = 0.036 GeV
3 .
The above results are evaluated within the heavy quark
effective theory, but for light baryon fields we shall use
full QCD decay constants (see Sec. II C). This causes
some, but not large, theoretical uncertainties.
Actually, there are several other charmed baryon fields,
such as:
• the “ground-state” field of pure JP = 3/2+
Jµ
Σ∗+c
= Pµα3/2 ǫ
abc[uTaCγαdb]cc , (18)
which couples to the JP = 3/2+ ground-state
charmed baryons Σ∗+c , with P
µα
3/2 the J = 3/2 pro-
jection operator
Pµα3/2 = g
µα − γ
µγα
4
. (19)
• the “excited” charmed baryon field
J∗B = ǫ
abc[uTaCdb]γ5cc , (20)
which contains the excited diquark field ǫabcuTaCdb
of JP = 0−.
For completeness, we list all of them in Appendix B, and
refer to Ref. [89] for detailed discussions. The major ad-
vantage of using the heavy quark effective theory is that
within this framework all these charmed baryon fields
do not couple to the JP = 1/2+ ground-state charmed
baryons Λc and Σc [90]. However, some of them, both
“ground-state” and “excited” fields, can couple to the
JP = 3/2+ ground-state charmed baryon Σ∗c . Hence, we
do/can not study decays of Pc states into the D¯Σ
∗
c final
state in the present study.
Combing charmed meson operators and ground-state
charmed baryon fields, we can construct the η(x, y) and
ξ(x, y) currents. In the molecular picture the Pc(4312),
Pc(4440), and Pc(4457) can be interpreted as the D¯Σc
hadronic molecular state of JP = 1/2
−
, the D¯∗Σc one of
JP = 1/2−, and the D¯∗Σc one of J
P = 3/2− [19–21]:
|D¯Σc; 1/2−; θ1〉 (21)
= cos θ1 |D¯0Σ+c 〉J=1/2 + sin θ1 |D¯−Σ++c 〉J=1/2 ,
|D¯∗Σc; 1/2−; θ2〉 (22)
= cos θ2 |D¯∗0Σ+c 〉J=1/2 + sin θ2 |D¯∗−Σ++c 〉J=1/2 ,
|D¯∗Σc; 3/2−; θ3〉 (23)
= cos θ3 |D¯∗0Σ+c 〉J=3/2 + sin θ3 |D¯∗−Σ++c 〉J=3/2 ,
where θi (i = 1, 2, 3) are isospin parameters (θi = −55o
for I = 1/2 and θi = 35
o for I = 3/2). Their relevant
interpolating currents are:
J
(α)
i = cos θi η
(α)
i + sin θi ξ
(α)
i , (24)
where
η1 = [c¯aγ5ua] Σ
+
c (25)
= [δabc¯aγ5ub] [ǫ
cdeuTc Cγµddγ
µγ5ce] ,
η2 = [c¯aγνua] γ
νγ5Σ
+
c (26)
= [δabc¯aγνub] γ
νγ5 [ǫ
cdeuTc Cγµddγ
µγ5ce] ,
ηα3 = P
αν
3/2 [c¯aγνua] Σ
+
c (27)
= [δabc¯aγνub] P
αν
3/2[ǫ
cdeuTc Cγµddγ
µγ5ce] ,
and
ξ1 = [c¯aγ5da] Σ
++
c (28)
=
1√
2
[δabc¯aγ5db] [ǫ
cdeuTc Cγµudγ
µγ5ce] ,
ξ2 = [c¯aγνda] γ
νγ5Σ
++
c (29)
=
1√
2
[δabc¯aγνdb] γ
νγ5 [ǫ
cdeuTc Cγµudγ
µγ5ce] ,
ξα3 = P
αν
3/2 [c¯aγνda] Σ
++
c (30)
=
1√
2
[δabc¯aγνdb] P
αν
3/2[ǫ
cdeuTc Cγµudγ
µγ5ce] .
In the above expressions we have written JB as B for
simplicity.
C. θ(x, y) and light baryon fields
In this subsection we construct the θ(x, y) currents,
which can be constructed by combing charmonium op-
erators and light baryon fields. Hence, we need charmo-
nium operators as well as their couplings to charmonium
states, which can be found in Table I (see Ref. [56] and
references therein for detailed discussions). We also need
light baryon fields, which have been systematically stud-
ied in Refs. [68–70, 91–95]. We briefly summarize the
results here.
According to the results of Ref. [91], we can use u, u,
and d (q = u/d) quarks to construct five independent
baryon fields:
N1 = ǫ
abc(uTaCdb)γ5uc ,
N2 = ǫ
abc(uTaCγ5db)uc ,
Nµ3 = P
µα
3/2 ǫ
abc(uTaCγαγ5db)γ5uc , (31)
Nµ4 = P
µα
3/2 ǫ
abc(uTaCγαdb)uc ,
Nµν5 = P
µναβ
3/2 ǫ
abc(uTaCσαβdb)γ5uc ,
where the projection operator Pµναβ3/2 is
Pµναβ3/2 =
gµαgνβ
2
− g
µβgνα
2
− g
µα
4
γνγβ +
gµβ
4
γνγα
+
gνα
4
γµγβ − g
νβ
4
γµγα +
1
6
σµνσαβ . (32)
5All the other light baryon fields
(
including
other ǫabc[uTaCΓ1db]Γ2uc fields as well as all the
ǫabc[uTaCΓ3ub]Γ4dc fields
)
can be transformed to
N
(µν)
1,2,3,4,5, as shown in Appendix B.
Among the five fields defined in Eqs. (31), the former
two N1,2 have pure spin J = 1/2, and the latter three
N
µ(ν)
3,4,5 have pure spin J = 3/2. In the present study
we shall study decays of Pc states into charmonia and
protons, but not study their decays into charmonia and
∆/N∗, since the couplings of N
µ(ν)
3,4,5 to ∆/N
∗ have not
been (well) investigated in the literature. Therefore, we
only keep N1,2 but omit N
µ(ν)
3,4,5. Moreover, we shall find
that all the terms in our calculations do not depend on
N1 + N2, so we only need to consider the Ioffe’s light
baryon field
N ≡ N1 −N2 . (33)
This field has been well studied in Refs. [68–70] and sug-
gested to couple to the proton through
〈0|N |p〉 = fpup , (34)
with the decay constant evaluated in Ref. [96] to be
fp = 0.011 GeV
3 . (35)
III. FIERZ REARRANGEMENT
In this section we study the Fierz rearrangement of the
η(x, y) and ξ(x, y) currents, which will be used to inves-
tigate fall-apart decays of Pc states in Sec. IV. Taking
η(x, y) as an example, when the c¯a(x) and ce(y) quarks
meet each other and the ub(x), uc(y), and dd(y) quarks
meet together at the same time, a D¯(∗)0Σ+c molecular
state can decay into one charmoniummeson and one light
baryon. This is the decay process depicted in Fig. 2(a):
[
δabc¯a(x)ub(x)
] [
ǫcdeuc(y)dd(y)ce(y)
]
(36)
→ δabc¯a(x→ x′)ub(x→ y′)
⊗ ǫcdeuc(y → y′)dd(y → y′)ce(y → x′)
=
1
3
δaeǫbcd ⊗ c¯a(x′)ub(y′)⊗ uc(y′)dd(y′)ce(x′) + · · ·
=
1
3
[δaec¯a(x
′)ce(x
′)]⊕ [ǫbcdub(y′)uc(y′)dd(y′)]+ · · · .
The first step is a dynamical process, during which we as-
sume that all the color, flavor, spin and orbital structures
remain unchanged, so the relevant current also remains
the same. The second and third steps can be described
by applying the Fierz rearrangement to interchange both
the color and Dirac indices of the ub(y
′) and ce(x
′) quark
fields.
Still taking η(x, y) as an example: when the c¯a(x) and
uc(y) quarks meet each other and the ub(x), dd(y), and
ce(y) quarks meet together at the same time, a D¯
(∗)0Σ+c
molecular state can decay into one charmed meson and
one charmed baryon, as depicted in Fig. 2(b); when the
c¯a(x) and dd(y) quarks meet each other and the ub(x),
uc(y), and ce(y) quarks meet together at the same time, a
D¯(∗)0Σ+c molecular state can also decay into one charmed
meson and one charmed baryon, as depicted in Fig. 2(c).
Similarly, decays of D¯(∗)−Σ++c molecular states can be
investigated through the ξ(x, y) currents, as depicted in
Fig. 3(a,b,c).
In the following subsections we shall study the above
fall-apart decay processes, by applying the Fierz rear-
rangement [97] of the Dirac and color indices to relate
the η, ξ, and θ currents. This method has been used to
systematically study light baryon and tetraquark opera-
tors/currents in Refs. [72–74, 91–95, 98–102]. We note
that the Fierz rearrangement in the Lorentz space is
actually a matrix identity, which is valid if each quark
field in the initial and final operators is at the same lo-
cation, e.g., we can apply the Fierz rearrangement to
transform a non-local η current with the quark fields
η = [c¯(x′)u(y′)] [u(y′)d(y′)c(x′)] into the combination
of many non-local θ currents with the quark fields at
same locations θ = [c¯(x′)c(x′)] [u(y′)u(y′)d(y′)]. Hence,
this rearrangement exactly describes the third step of
Eq. (36).
A. η → θ and ξ → θ
Using Eq. (13), together with the Fierz rearrangement
to interchange the ub and ce quark fields, we can trans-
form an η(x, y) current into the combination of many θ
currents:
η1 → 1
12
[c¯aca] γ5N − 1
12
[c¯aγ5ca] N (37)
+
1
24
[c¯aγµγ5ca] γ
µN +
1
24
[c¯aγµca] γ
µγ5N
+ · · · ,
η2 → 1
6
[c¯aca] γ5N +
1
6
[c¯aγ5ca] N (38)
+
1
12
[c¯aγµγ5ca] γ
µN − 1
12
[c¯aγµca] γ
µγ5N
− 1
12
[c¯aσµνca] σ
µνγ5N + · · · ,
ηα3 → [c¯aγµγ5ca]
(
1
16
gαµγ5 +
i
48
σαµγ5
)
N (39)
+ [c¯aγµca]
(
− 1
16
gαµ − i
48
σαµ
)
N + · · · .
In the above transformations we have changed the coor-
dinates according to the first step of Eq. (36), which are
not shown explicitly here for simplicity. Besides, we have
omitted in · · · that: a) the color-octet-color-octet meson-
baryon terms, and b) terms depending on the J = 3/2
light baryon fields N
µ(ν)
3,4,5. Hence, we have only kept,
but kept all, the color-singlet-color-singlet meson-baryon
terms depending on the J = 1/2 fields N1 and N2. This
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FIG. 2: Fall-apart decays of Pc states as D¯
(∗)0Σ+c molecular states, investigated through the η(x, y) currents. There are three
possibilities: a) η → θ, b) η → η, and c) η → ξ. Their probabilities are the same (33%), if only considering the color degree of
freedom.
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FIG. 3: Fall-apart decays of Pc states as D¯
(∗)−Σ++c molecular states, investigated through the ξ(x, y) currents. There are three
possibilities: a) ξ → θ, b) ξ → η, and c) again ξ → η. Their probabilities are the same (33%), if only considering the color
degree of freedom.
is not an easy task because we need to use many identities
given in Eqs. (B22) and (B23) of Appendix B in order
to safely omit N
µ(ν)
3,4,5. Moreover, we can find in the above
expressions that all terms contain the Ioffe’s light baryon
field N ≡ N1−N2, and there are no terms depending on
N1 +N2.
The above transformations can be used to describe the
fall-apart decay process depicted in Fig. 2(a) for D¯(∗)0Σ+c
molecular states. Similarly, we can investigate the fall-
apart decay process depicted in Fig. 3(a) for D¯(∗)−Σ++c
molecular states. To do this, we need to use Eq. (13),
together with the Fierz rearrangement to interchange the
db and ce quark fields, to transform a ξ(x, y) current into
the combination of many θ currents:
√
2ξ1 → −1
6
[c¯aca] γ5N +
1
6
[c¯aγ5ca] N (40)
− 1
12
[c¯aγµγ5ca] γ
µN − 1
12
[c¯aγµca] γ
µγ5N
+ · · · ,
√
2ξ2 → −1
3
[c¯aca] γ5N − 1
3
[c¯aγ5ca] N (41)
−1
6
[c¯aγµγ5ca] γ
µN +
1
6
[c¯aγµca] γ
µγ5N
+
1
6
[c¯aσµνca] σ
µνγ5N + · · · ,
√
2ξα3 → [c¯aγµγ5ca]
(
−1
8
gαµγ5 − i
24
σαµγ5
)
N (42)
+ [c¯aγµca]
(
1
8
gαµ +
i
24
σαµ
)
N + · · · .
7B. η → η and η → ξ
First we derive a color rearrangement similar to
Eq. (13):
δabǫcde =
1
3
δacǫbde− 1
2
λacn ǫ
bdfλfen +
1
2
λacn ǫ
befλfdn . (43)
Using this identity, together with the Fierz rearrange-
ment to interchange the ub and uc quark fields, we can
transform an η(x, y) current into the combination of
many η currents.
Besides, we can derive another similar color rearrange-
ment:
δabǫcde =
1
3
δadǫcbe+
1
2
λadn ǫ
bcfλfen −
1
2
λadn ǫ
befλfcn . (44)
Using this identity, together with the Fierz rearrange-
ment to interchange the ub and dd quark fields, we can
transform an η(x, y) current into the combination of
many ξ currents.
The above two transformations describe the fall-apart
decay processes depicted in Fig. 2(b,c) for D¯(∗)0Σ+c
molecular states. Altogether, we obtain:
η1 → 1
12
[c¯aγµua] γ
µγ5Λ
+
c (45)
− 1
12
[c¯aγ5ua] Σ
+
c −
√
2
12
[c¯aγ5da] Σ
++
c
− 1
24
[c¯aσµνua] ǫ
µνρσγσγ5
(
−1
4
γργ5Σ
+
c
)
−
√
2
24
[c¯aσµνda]ǫ
µνρσγσγ5
(
−1
4
γργ5Σ
++
c
)
+ · · · ,
η2 → 1
3
[c¯aγ5ua] Λ
+
c −
1
12
[c¯aσµνua] σ
µνγ5Λ
+
c (46)
−1
6
[c¯aγµua]
(
−1
4
γµγ5Σ
+
c
)
− i
6
[c¯aγµγ5ua] σ
µνγ5
(
−1
4
γνγ5Σ
+
c
)
−
√
2
6
[c¯aγµda]
(
−1
4
γµγ5Σ
++
c
)
− i
√
2
6
[c¯aγµγ5da] σ
µνγ5
(
−1
4
γνγ5Σ
++
c
)
+ · · · ,
ηα3 →
(
− i
48
gαµγν +
i
48
gανγµ − 1
48
ǫαβµνγβγ5
)
(47)
× [c¯aσµνua] Λ+c
+
(
− 1
12
gαµγνγ5 − 1
12
gανγµγ5 +
1
24
gµνγαγ5
)
× [c¯aγµua]
(
−1
4
γνγ5Σ
+
c
)
+
(
1
24
gαµγν − 1
24
gανγµ − i
24
ǫαβµνγβγ5
)
× [c¯aγµγ5ua]
(
−1
4
γνγ5Σ
+
c
)
+
(
− 1
12
gαµγνγ5 − 1
12
gανγµγ5 +
1
24
gµνγαγ5
)
×
√
2 [c¯aγµda]
(
−1
4
γνγ5Σ
++
c
)
+
(
1
24
gαµγν − 1
24
gανγµ − i
24
ǫαβµνγβγ5
)
×
√
2[c¯aγµγ5da]
(
−1
4
γνγ5Σ
++
c
)
+ · · · .
In the above transformations we have only kept, but kept
all, the color-singlet-color-singlet meson-baryon terms
depending on the JP = 1/2+ “ground-state” charmed
baryon fields given in Eqs. (15). Again, this is not an
easy task because we need to carefully omit the terms de-
pending on the other charmed baryon fields, BG
3¯,1
, BG
3¯,3
,
BG
3¯,µ
, BU
6,5, B
U
6,µ, B
′U
6,µ, and B
U
6,µν , whose definitions can
be found in Appendix B.
C. ξ → η
Following the procedures used in the previous subsec-
tion, we can transform a ξ(x, y) current into the combi-
nation of many η currents (without ξ currents):
√
2ξ1 → −1
6
[c¯aγµua] γ
µγ5Λ
+
c −
1
6
[c¯aγ5ua] Σ
+
c (48)
− 1
12
[c¯aσµνua] ǫ
µνρσγσγ5
(
−1
4
γργ5Σ
+
c
)
+ · · · ,
√
2ξ2 → −2
3
[c¯aγ5ua] Λ
+
c +
1
6
[c¯aσµνua] σ
µνγ5Λ
+
c (49)
−1
3
[c¯aγµua]
(
−1
4
γµγ5Σ
+
c
)
− i
3
[c¯aγµγ5ua] σ
µνγ5
(
−1
4
γνγ5Σ
+
c
)
+ · · · ,
√
2ξα3 →
(
i
24
gαµγν − i
24
gανγµ +
1
24
ǫαβµνγβγ5
)
(50)
× [c¯aσµνua] Λ+c
+
(
−1
6
gαµγνγ5 − 1
6
gανγµγ5 +
1
12
gµνγαγ5
)
× [c¯aγµua]
(
−1
4
γνγ5Σ
+
c
)
+
(
1
12
gαµγν − 1
12
gανγµ − i
12
ǫαβµνγβγ5
)
× [c¯aγµγ5ua]
(
−1
4
γνγ5Σ
+
c
)
+ · · · .
The above transformations describe the fall-apart decay
processes depicted in Fig. 3(b,c) for D¯(∗)−Σ++c molecular
states.
8IV. DECAY PROPERTIES OF D¯(∗)0Σ+c AND
D¯(∗)−Σ++c MOLECULAR STATES
In this section we use the Fierz rearrangements derived
in the previous section to extract some strong decay prop-
erties of D¯(∗)0Σ+c and D¯
(∗)−Σ++c molecular states. We
shall separately investigate:
• |D¯0Σ+c ; 1/2−〉, the D¯0Σ+c molecular state of JP =
1/2−, through the η1(x, y) current and the Fierz
rearrangements given in Eqs. (37) and (45);
• |D¯−Σ++c ; 1/2−〉, the D¯−Σ++c molecular state of
JP = 1/2−, through the ξ1(x, y) current and the
Fierz rearrangements given in Eqs. (40) and (48);
• |D¯∗0Σ+c ; 1/2−〉, the D¯∗0Σ+c molecular state of JP =
1/2−, through the η2(x, y) current and the Fierz
rearrangements given in Eqs. (38) and (46);
• |D¯∗−Σ++c ; 1/2−〉, the D¯∗−Σ++c molecular state of
JP = 1/2−, through the ξ2(x, y) current and the
Fierz rearrangements given in Eqs. (41) and (49);
• |D¯∗0Σ+c ; 3/2−〉, the D¯∗0Σ+c molecular state of JP =
3/2−, through the ηα3 (x, y) current and the Fierz
rearrangements given in Eqs. (39) and (47);
• |D¯∗−Σ++c ; 3/2−〉, the D¯∗−Σ++c molecular state of
JP = 3/2−, through the ξα3 (x, y) current and the
Fierz rearrangements given in Eqs. (42) and (50).
The obtained results will be combined in Sec. V to further
study decay properties of D¯(∗)Σc molecular states with
definite isospins.
A. η1 → θ/η/ξ
In this subsection we study strong decay properties
of |D¯0Σ+c ; 1/2−〉 through the η1(x, y) current. First we
use the Fierz rearrangement given in Eq. (37) to study
the decay process depicted in Fig. 2(a), i.e., decays of
|D¯0Σ+c ; 1/2−〉 into one charmonium meson and one light
baryon. Together with Table I, we extract the following
decay channels that are kinematically allowed:
1. The decay of |D¯0Σ+c ; 1/2−〉 into ηcp is contributed
by both [c¯aγ5ca] N and [c¯aγµγ5ca] γ
µN :
〈D¯0Σ+c ; 1/2−(q) | ηc(q1) p(q2)〉 (51)
≈ ia1
12
ληcfp u¯up +
ia1
24
fηcfp q
µ
1 u¯γµup
≡ Aηcp u¯up +A′ηcp qµ1 u¯γµup ,
where u and up are the Dirac spinors of the Pc state
with JP = 1/2− and the proton, respectively; a1 is
an overall factor, related to the coupling of η1(x, y)
to |D¯0Σ+c ; 1/2−〉 as well as the dynamical process
of Fig. 2(a); the two coupling constants Aηcp and
A′ηcp are defined for the two different effective La-
grangians
Lηcp = Aηcp P¯cN ηc , (52)
L′ηcp = A′ηcp P¯cγµN ∂µηc . (53)
2. The decay of |D¯0Σ+c ; 1/2−〉 into J/ψp is con-
tributed by [c¯aγµca] γ
µγ5N :
〈D¯0Σ+c ; 1/2−(q)|J/ψ(q1, ǫ1) p(q2)〉 (54)
≈ a1
24
mJ/ψfJ/ψfp ǫ
µ
1 u¯γµγ5up
≡ Aψp ǫµ1 u¯γµγ5up ,
where Aψp is defined for
Lψp = Aψp P¯cγµγ5N ψµ . (55)
Then we use the Fierz rearrangement given in Eq. (45)
to study the decay processes depicted in Fig. 2(b,c), i.e.,
decays of |D¯0Σ+c ; 1/2−〉 into one charmed meson and one
charmed baryon. Together with Table I, we extract only
one decay channel that is kinematically allowed:
3. The decay of |D¯0Σ+c ; 1/2−〉 into D¯∗0Λ+c is con-
tributed by [c¯aγµua] γ
µγ5Λ
+
c :
〈D¯0Σ+c ; 1/2−(q) | D¯∗0(q1, ǫ1) Λ+c (q2)〉 (56)
≈ a2
12
mD∗fD∗fΛc ǫ
µ
1 u¯γµγ5uΛc
≡ AD¯∗Λc ǫµ1 u¯γµγ5uΛ+c ,
where uΛc is the Dirac spinor of the Λ
+
c ; a2 is an
overall factor, related to the coupling of η1(x, y) to
|D¯0Σ+c ; 1/2−〉 as well as the dynamical processes of
Fig. 2(b,c); the coupling constant AD¯∗Λc is defined
for
LD¯∗Λc = AD¯∗Λc P¯cγµγ5Λ+c D¯∗,µ . (57)
In the molecular picture the Pc(4312) is usually in-
terpreted as the D¯Σc hadronic molecular state of J
P =
1/2−. Accordingly, we assume the mass of |D¯0Σ+c ; 1/2−〉
to be 4311.9 MeV (more parameters can be found in Ap-
pendix A), and summarize the above decay amplitudes
to obtain the following (relative) decay widths:
Γ(|D¯0Σ+c ; 1/2−〉 → ηcp) = a21 1.1× 1026 MeV7 ,
Γ(|D¯0Σ+c ; 1/2−〉 → J/ψp) = a21 2.8× 1025 MeV7 ,
Γ(|D¯0Σ+c ; 1/2−〉 → D¯∗0Λ+c ) = a22 2.0× 1025 MeV7 .
(58)
There are two different effective Lagrangians for the
|D¯0Σ+c ; 1/2−〉 decays into the ηcp final state, as given in
Eqs. (52) and (53). It is interesting to see their individual
contributions:
Γ(|D¯0Σ+c ; 1/2−〉 → ηcp)
∣∣
Lηcp
= a21 4.9× 1025 MeV7 ,
Γ(|D¯0Σ+c ; 1/2−〉 → ηcp)
∣∣
L′ηcp
= a21 1.1× 1025 MeV7 .
(59)
9Hence, the former is about four times larger than the
latter. We note that their interference can be important,
but the phase angle between them, i.e., the phase angle
between the two coupling constants Aηcp and A
′
ηcp, can
not be well determined in the present study. We shall
investigate its relevant uncertainty in Appendix C.
B. ξ1 → θ/η
In this subsection we follow the procedures used in
the previous subsection to study decay properties of
|D¯−Σ++c ; 1/2−〉, through the ξ1(x, y) current and the
Fierz rearrangements given in Eqs. (40) and (48). Again,
we assume its mass to be 4311.9 MeV, and obtain the
following (relative) decay widths:
Γ(|D¯−Σ++c ; 1/2−〉 → ηcp) = b21 2.1× 1026 MeV7 ,
Γ(|D¯−Σ++c ; 1/2−〉 → J/ψp) = b21 5.7× 1025 MeV7 ,
Γ(|D¯−Σ++c ; 1/2−〉 → D¯∗0Λ+c ) = b22 3.9× 1025 MeV7 .
(60)
Here b1 and b2 are two overall factors, which we sim-
ply assume to be b1 = a1 and b2 = a2 in the following
analyses.
The above widths of the |D¯−Σ++c ; 1/2−〉 decays into
the ηcp, J/ψp, and D¯
∗0Λ+c final states are all two times
larger than those given in Eqs. (58) for the |D¯0Σ+c ; 1/2−〉
decays.
C. η2 → θ/η/ξ
In this subsection we follow the procedures used in
Sec. IVA to study decay properties of |D¯∗0Σ+c ; 1/2−〉
through the η2(x, y) current. First we use the Fierz rear-
rangement given in Eq. (38) to study the decay process
depicted in Fig. 2(a):
1. The decay of |D¯∗0Σ+c ; 1/2−〉 into ηcp is
〈D¯∗0Σ+c ; 1/2−(q) | ηc(q1) p(q2)〉 (61)
≈ − ic1
6
ληcfp u¯up +
ic1
12
fηcfp q
µ
1 u¯γµup
≡ Cηcp u¯up + C′ηcp qµ1 u¯γµup ,
where c1 is an overall factor.
2. The decay of |D¯∗0Σ+c ; 1/2−〉 into J/ψp is
contributed by both [c¯aγµca] γ
µγ5N and
[c¯aσµνca] σ
µνγ5N :
〈D¯∗0Σ+c ; 1/2−(q)|J/ψ(q1, ǫ1) p(q2)〉 (62)
≈ − c1
12
mJ/ψfJ/ψfp ǫ
µ
1 u¯γµγ5up
− ic1
6
fTJ/ψfp q
µ
1 ǫ
ν
1 u¯σµνγ5up
≡ Cψp ǫµ1 u¯γµγ5up + C′ψp qµ1 ǫν1 u¯σµνγ5up ,
where the two coupling constants Cψp and C
′
ψp are
defined for
Lψp = Cψp P¯cγµγ5N ψµ , (63)
L′ψp = C′ψp P¯cσµνγ5N ∂µψν . (64)
3. The decay of |D¯∗0Σ+c ; 1/2−〉 into χc0(1P )p is con-
tributed by [c¯aca] γ5N :
〈D¯∗0Σ+c ; 1/2−(q)|χc0(q1) p(q2)〉 (65)
≈ c1
6
mχc0fχc0fp u¯γ5up
≡ Cχc0p u¯γ5up ,
where Cχc0p is defined for
Lχc0p = Cχc0p P¯cγ5N χc0 . (66)
4. The decay of |D¯∗0Σ+c ; 1/2−〉 into χc1(1P )p is con-
tributed by [c¯aγµγ5ca] γ
µN :
〈D¯∗0Σ+c ; 1/2−(q)|χc1(q1, ǫ1) p(q2)〉 (67)
≈ c1
12
mχc1fχc1fp ǫ
µ
1 u¯γµup
≡ Cχc1p ǫµ1 u¯γµup ,
where Cχc1p is defined for
Lχc1p = Cχc1p P¯cγµN χµc1 . (68)
This decay channel may be kinematically allowed,
depending on whether the Pc(4457) is interpreted
as |D¯∗0Σ+c ; 1/2−〉 or not.
Then we use the Fierz rearrangement given in Eq. (46)
to study the decay processes depicted in Fig. 2(b,c):
5. The decay of |D¯∗0Σ+c ; 1/2−〉 into D¯0Λ+c is con-
tributed by [c¯aγ5ua] Λ
+
c :
〈D¯∗0Σ+c ; 1/2−(q) | D¯0(q1) Λ+c (q2)〉 (69)
≈ − ic2
3
λDfΛc u¯uΛc
≡ CD¯Λc u¯uΛc ,
where c2 is an overall factor, and the coupling con-
stant CD¯Λc is defined for
LD¯Λc = CD¯Λc P¯cΛ+c D¯0 . (70)
6. The decay of |D¯∗0Σ+c ; 1/2−〉 into D¯∗0Λ+c is con-
tributed by [c¯aσµνua] σ
µνγ5Λ
+
c :
〈D¯∗0Σ+c ; 1/2−(q) | D¯∗0(q1, ǫ1) Λ+c (q2)〉 (71)
≈ − ic2
6
fTD∗fΛc q
µ
1 ǫ
ν
1 u¯σµνγ5uΛc
≡ C′D¯∗Λc q
µ
1 ǫ
ν
1 u¯σµνγ5uΛc ,
where C′
D¯∗Λc
is defined for
L′D¯∗Λc = C′D¯∗Λc P¯cσµνγ5Λ+c ∂µD¯∗0,ν . (72)
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7. Decays of |D¯∗0Σ+c ; 1/2−〉 into the D¯0Σ+c and
D¯−Σ++c final states are:
〈D¯∗0Σ+c ; 1/2−(q) | D¯0(q1) Σ+c (q2)〉 (73)
≈ ic2
8
fDfΣc q
µ
1 u¯γµuΣc
≡ CD¯Σc qµ1 u¯γµuΣc ,
〈D¯∗0Σ+c ; 1/2−(q) | D¯−(q1) Σ++c (q2)〉 (74)
≈ i
√
2c2
8
fDfΣc q
µ
1 u¯γµuΣc
≡
√
2CD¯Σc q
µ
1 u¯γµuΣc ,
where CD¯Σc is defined for
LD¯Σc = CD¯Σc P¯cγµΣ+c ∂µD¯0 (75)
+
√
2CD¯Σc P¯cγµΣ
++
c ∂
µD¯− .
In the molecular picture the Pc(4440) is sometimes in-
terpreted as the D¯∗Σc hadronic molecular state of J
P =
1/2
−
. Accordingly, we assume the mass of |D¯∗0Σ+c ; 1/2−〉
to be 4440.3 MeV, and summarize the above decay am-
plitudes to obtain the following (relative) decay widths:
Γ(|D¯∗0Σ+c ; 1/2−〉 → ηcp) = c21 5.8× 1025 MeV7,
Γ(|D¯∗0Σ+c ; 1/2−〉 → J/ψp) = c21 4.6× 1026 MeV7,
Γ(|D¯∗0Σ+c ; 1/2−〉 → χc0p) = c21 2.0× 1024 MeV7,
Γ(|D¯∗0Σ+c ; 1/2−〉 → D¯0Λ+c ) = c22 5.5× 1026 MeV7,
Γ(|D¯∗0Σ+c ; 1/2−〉 → D¯∗0Λ+c ) = c22 1.9× 1026 MeV7,
Γ(|D¯∗0Σ+c ; 1/2−〉 → D¯0Σ+c ) = c22 1.6× 1026 MeV7,
Γ(|D¯∗0Σ+c ; 1/2−〉 → D¯−Σ++c ) = c22 3.2× 1026 MeV7.
(76)
Besides, |D¯∗0Σ+c ; 1/2−〉 can also couple to χc1p, but this
channel is kinematically forbidden under the assumption
M|D¯∗0Σ+c ;1/2−〉 = 4440.3 MeV.
There are two different effective Lagrangians for the
|D¯∗0Σ+c ; 1/2−〉 decays into the J/ψp final state, as given
in Eqs. (63) and (64). It is interesting to see their indi-
vidual contributions:
Γ(|D¯∗0Σ+c ; 1/2−〉 → J/ψp)
∣∣
Lψp
= c21 1.5× 1026 MeV7,
Γ(|D¯∗0Σ+c ; 1/2−〉 → J/ψp)
∣∣
L′
ψp
= c21 6.1× 1026 MeV7.
(77)
Hence, the former is about four times smaller than the
latter. Again, the phase angle between them can be im-
portant, whose relevant uncertainty will be investigated
in Appendix C.
D. ξ2 → θ/η
In this subsection we follow the procedures used in
the previous subsection to study decay properties of
|D¯∗−Σ++c ; 1/2−〉, through the ξ2(x, y) current and the
Fierz rearrangements given in Eqs. (41) and (49). Again,
we assume its mass to be 4440.3 MeV, and obtain the
following (relative) decay widths:
Γ(|D¯∗−Σ++c ; 1/2−〉 → ηcp) = d21 1.2× 1026 MeV7,
Γ(|D¯∗−Σ++c ; 1/2−〉 → J/ψp) = d21 9.3× 1026 MeV7,
Γ(|D¯∗−Σ++c ; 1/2−〉 → χc0p) = d21 4.1× 1024 MeV7,
Γ(|D¯∗−Σ++c ; 1/2−〉 → D¯0Λ+c ) = d22 1.1× 1027 MeV7,
Γ(|D¯∗−Σ++c ; 1/2−〉 → D¯∗0Λ+c ) = d22 3.8× 1026 MeV7,
Γ(|D¯∗−Σ++c ; 1/2−〉 → D¯0Σ+c ) = d22 3.2× 1026 MeV7.
(78)
Here d1 and d2 are two overall factors, which we sim-
ply assume to be d1 = c1 and d2 = c2 in the following
analyses.
The above results suggest that |D¯∗−Σ++c ; 1/2−〉 can
not fall-apart decay into the D¯−Σ++c final state, as de-
picted in Fig. 3(b,c), while |D¯∗0Σ+c ; 1/2−〉 can. The
widths of the |D¯∗−Σ++c ; 1/2−〉 decays into other final
states, including ηcp, J/ψp, χc0p, D¯
0Λ+c , D¯
∗0Λ+c , and
D¯0Σ+c , are all two times larger than those given in
Eqs. (76) for the |D¯∗0Σ+c ; 1/2−〉 decays.
E. ηα3 → θ/η/ξ
In this subsection we follow the procedures used in
Sec. IVA and Sec. IVC to study decay properties of
|D¯∗0Σ+c ; 3/2−〉 through the ηα3 (x, y) current. First we
use the Fierz rearrangement given in Eq. (39) to study
the decay process depicted in Fig. 2(a):
1. The decay of |D¯∗0Σ+c ; 3/2−〉 into ηcp is
〈D¯∗0Σ+c ; 3/2−(q) | ηc(q1) p(q2)〉 (79)
≈ ie1 fηcfp qµ1 u¯α
(
1
16
gαµγ5 +
i
48
σαµγ5
)
up ,
where uα is the spinor of the Pc state with J
P =
3/2−, and e1 is an overall factor.
2. The decay of |D¯∗0Σ+c ; 3/2−〉 into J/ψp is
〈D¯∗0Σ+c ; 3/2−(q)|J/ψ(q1, ǫ1) p(q2)〉 (80)
≈ e1 mJ/ψfJ/ψfp ǫµ1 u¯α
(
− 1
16
gαµ − i
48
σαµ
)
up .
3. The decay of |D¯∗0Σ+c ; 3/2−〉 into χc1(1P )p is
〈D¯∗0Σ+c ; 3/2−(q)|χc1(q1, ǫ1) p(q2)〉 (81)
≈ e1 mχc1fχc1fp ǫµ1 u¯α
(
1
16
gαµγ5 +
i
48
σαµγ5
)
up .
This decay channel may be kinematically allowed,
depending on whether the Pc(4457) is interpreted
as |D¯∗0Σ+c ; 3/2−〉 or not.
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Then we use the Fierz rearrangement given in Eq. (47)
to study the decay processes depicted in Fig. 2(b,c):
4. The decay of |D¯∗0Σ+c ; 3/2−〉 into D¯∗0Λ+c is
〈D¯∗0Σ+c ; 3/2−(q) | D¯∗0(q1, ǫ1) Λ+c (q2)〉 (82)
≈ 2ie2 fTD∗fΛc qµ1 ǫν1 ×
u¯α
(
− i
48
gαµγν +
i
48
gανγµ − 1
48
ǫαβµνγβγ5
)
uΛc ,
where e2 is an overall factor.
5. Decays of |D¯∗0Σ+c ; 3/2−〉 into the D¯0Σ+c and
D¯−Σ++c final states are:
〈D¯∗0Σ+c ; 3/2−(q) | D¯0(q1) Σ+c (q2)〉 (83)
≈ ie2 fDfΣc qµ1
× u¯α
(
1
24
gαµγν − 1
24
gανγµ − i
24
ǫαβµνγβγ5
)
×
(
−1
4
γνγ5
)
uΣc ,
〈D¯∗0Σ+c ; 3/2−(q) | D¯−(q1) Σ++c (q2)〉 (84)
≈
√
2ie2 fDfΣc q
µ
1
× u¯α
(
1
24
gαµγν − 1
24
gανγµ − i
24
ǫαβµνγβγ5
)
×
(
−1
4
γνγ5
)
uΣc .
In the molecular picture the Pc(4457) is sometimes in-
terpreted as the D¯∗Σc hadronic molecular state of J
P =
3/2
−
. Accordingly, we assume the mass of |D¯∗0Σ+c ; 3/2−〉
to be 4457.3 MeV, and summarize the above decay am-
plitudes to obtain the following (relative) decay widths:
Γ(|D¯∗0Σ+c ; 3/2−〉 → ηcp) = e21 2.4× 1023 MeV7,
Γ(|D¯∗0Σ+c ; 3/2−〉 → J/ψp) = e21 4.7× 1025 MeV7,
Γ(|D¯∗0Σ+c ; 3/2−〉 → χc1p) = e21 1.5× 1022 MeV7,
Γ(|D¯∗0Σ+c ; 3/2−〉 → D¯∗0Λ+c ) = e22 1.6× 1025 MeV7,
Γ(|D¯∗0Σ+c ; 3/2−〉 → D¯0Σ+c ) = e22 5.7× 1021 MeV7,
Γ(|D¯∗0Σ+c ; 3/2−〉 → D¯−Σ++c ) = e22 1.1× 1022 MeV7.
(85)
Hence, |D¯∗0Σ+c ; 3/2−〉 does not couple to the χc0p chan-
nel, different from |D¯∗0Σ+c ; 1/2−〉.
F. ξα3 → θ/η
In this subsection we follow the procedures used in
the previous subsection to study decay properties of
|D¯∗−Σ++c ; 3/2−〉, through the ξα3 (x, y) current and the
Fierz rearrangements given in Eqs. (42) and (50). Again,
we assume its mass to be 4457.3 MeV, and obtain the
following (relative) decay widths:
Γ(|D¯∗−Σ++c ; 3/2−〉 → ηcp) = f21 4.9× 1023 MeV7,
Γ(|D¯∗−Σ++c ; 3/2−〉 → J/ψp) = f21 9.3× 1025 MeV7,
Γ(|D¯∗−Σ++c ; 3/2−〉 → χc1p) = f21 3.0× 1022 MeV7,
Γ(|D¯∗−Σ++c ; 3/2−〉 → D¯∗0Λ+c ) = f22 3.3× 1025 MeV7,
Γ(|D¯∗−Σ++c ; 3/2−〉 → D¯0Σ+c ) = f22 1.1× 1022 MeV7.
(86)
Here f1 and f2 are two overall factors, which we sim-
ply assume to be f1 = e1 and f2 = e2 in the following
analyses.
The above results suggest that |D¯∗−Σ++c ; 3/2−〉 can
not fall-apart decay into the D¯−Σ++c final state, as de-
picted in Fig. 3(b,c), while |D¯∗0Σ+c ; 3/2−〉 can. The
widths of the |D¯∗−Σ++c ; 3/2−〉 decays into other final
states, including ηcp, J/ψp, χc1p, D¯
∗0Λ+c , and D¯
0Σ+c ,
are all two times larger than those given in Eqs. (85) for
the |D¯∗0Σ+c ; 3/2−〉 decays.
V. ISOSPIN OF D¯(∗)Σc MOLECULAR STATES
In this section we collect the results calculated in the
previous section to further study decay properties of
D¯(∗)Σc molecular states with definite isospins.
The D¯(∗)Σc molecular states with I = 1/2 can be ob-
tained by using Eqs. (21), (22), and (23) with θi = −55o:
|D¯(∗)Σc; 1
2
−
/
3
2
−
〉 (87)
=
√
1
3
|D¯(∗)0Σ+c 〉J= 1
2
/ 3
2
−
√
2
3
|D¯(∗)−Σ++c 〉J= 1
2
/ 3
2
.
Combining the results of Sec. IVA and Sec. IVB, we
obtain:
Γ(|D¯Σc; 1/2−〉 → ηcp) = a21 3.2× 1026 MeV7 ,
Γ(|D¯Σc; 1/2−〉 → J/ψp) = a21 8.5× 1025 MeV7 ,
Γ(|D¯Σc; 1/2−〉 → D¯∗0Λ+c ) = a22 5.9× 1025 MeV7 .
(88)
Combining the results of Sec. IVC and Sec. IVD, we
obtain:
Γ(|D¯∗Σc; 1/2−〉 → ηcp) = c21 1.7× 1026 MeV7,
Γ(|D¯∗Σc; 1/2−〉 → J/ψp) = c21 1.4× 1027 MeV7,
Γ(|D¯∗Σc; 1/2−〉 → χc0p) = c21 6.1× 1024 MeV7,
Γ(|D¯∗Σc; 1/2−〉 → D¯0Λ+c ) = c22 1.7× 1027 MeV7,
Γ(|D¯∗Σc; 1/2−〉 → D¯∗0Λ+c ) = c22 5.6× 1026 MeV7,
Γ(|D¯∗Σc; 1/2−〉 → D¯0Σ+c ) = c22 5.4× 1025 MeV7,
Γ(|D¯∗Σc; 1/2−〉 → D¯−Σ++c ) = c22 1.1× 1026 MeV7.
(89)
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Combining the results of Sec. IVE and Sec. IVF, we
obtain:
Γ(|D¯∗Σc; 3/2−〉 → ηcp) = e21 7.3× 1023 MeV7,
Γ(|D¯∗Σc; 3/2−〉 → J/ψp) = e21 1.4× 1026 MeV7,
Γ(|D¯∗Σc; 3/2−〉 → χc1p) = e21 4.6× 1022 MeV7,
Γ(|D¯∗Σc; 3/2−〉 → D¯∗0Λ+c ) = e22 4.9× 1025 MeV7,
Γ(|D¯∗Σc; 3/2−〉 → D¯0Σ+c ) = e22 1.9× 1021 MeV7,
Γ(|D¯∗Σc; 3/2−〉 → D¯−Σ++c ) = e22 3.8× 1021 MeV7.
(90)
Comparing the above values with those given in
Eqs. (58), (76), and (85), we find that the decay widths
of the three D¯(∗)Σc molecular states with I = 1/2 into
the ηcp, J/ψp, χc0p, χc1p, D¯
0Λ+c , and D¯
∗0Λ+c final states
also with I = 1/2 are increased by three times, and their
decay widths into the D¯0Σ+c and D¯
−Σ++c final states are
decreased by three times. We shall further discuss these
results in Sec. VI.
For completeness, we also list here the results for the
three D¯(∗)Σc molecular states with I = 3/2 (as if they
existed), which can be obtained by using Eqs. (21), (22),
and (23) with θi = 35
o:
|D¯(∗)Σc; 1
2
−′
/
3
2
−′
〉 (91)
=
√
2
3
|D¯(∗)0Σ+c 〉J= 1
2
/ 3
2
+
√
1
3
|D¯(∗)−Σ++c 〉J= 1
2
/ 3
2
.
Naively assuming their masses to be 4311.9 MeV,
4440.3 MeV, and 4457.3 MeV, respectively, we obtain
the following non-zero (relative) decay widths:
Γ(|D¯∗Σc; 1/2−′〉 → D¯0Σ+c ) = c22 4.3× 1026 MeV7,
Γ(|D¯∗Σc; 1/2−′〉 → D¯−Σ++c ) = c22 2.2× 1026 MeV7,
Γ(|D¯∗Σc; 3/2−′〉 → D¯0Σ+c ) = e22 1.5× 1022 MeV7,
Γ(|D¯∗Σc; 3/2−′〉 → D¯−Σ++c ) = e22 7.6× 1021 MeV7.
(92)
Comparing them with Eqs. (58), (76), and (85), we find
that the three D¯(∗)Σc molecular states with I = 3/2
can not fall-apart decay into the ηcp, J/ψp, χc0p, χc1p,
D¯0Λ+c , and D¯
∗0Λ+c final states with I = 1/2, their widths
into the D¯0Σ+c final state are increased by a factor of 8/3,
and their widths into the D¯−Σ++c final state are reduced
to two third. We summarize these results in Appendix C,
which we shall not discuss any more.
VI. SUMMARY AND CONCLUSIONS
In this paper we systematically study hidden-charm
pentaquark currents with the quark content c¯cuud. We
investigate three different configurations, η = [c¯u][udc],
ξ = [c¯d][uuc], and θ = [c¯c][uud]. Some of their relations
are derived using the Fierz rearrangement of the Dirac
and color indices, and the obtained results are used to
study strong decay properties of D¯(∗)Σc molecular states
with I = 1/2 and JP = 1/2− and 3/2−.
In the molecular picture the Pc(4312) is usually inter-
preted as the D¯Σc hadronic molecular state of J
P =
1/2−, and the Pc(4440) and Pc(4457) are sometimes
interpreted as the D¯∗Σc hadronic molecular states of
JP = 1/2− and 3/2− respectively (sometimes interpreted
as states of JP = 3/2
−
and 1/2
−
respectively) [19–
21]. Using their masses measured in the LHCb exper-
iment [4] as inputs, we calculate some of their relative
decay widths. The obtained results have been summa-
rized in Eqs. (88), (89), and (90), from which we further
obtain:
• We obtain the following relative branching ratios for the |D¯Σc; 1/2−〉 decays:
B (|D¯Σc; 1/2−〉 → J/ψp : ηcp : D¯∗0Λ+c )
B (|D¯Σc; 1/2−〉 → J/ψp) (93)
≈ 1 : 3.8 : 0.69t .
• We obtain the following relative branching ratios for the |D¯∗Σc; 1/2−〉 decays:
B (|D¯∗Σc; 1/2−〉 → J/ψp : ηcp : χc0p : D¯0Λ+c : D¯∗0Λ+c : D¯0Σ+c : D¯−Σ++c )
B (|D¯∗Σc; 1/2−〉 → J/ψp) (94)
≈ 1 : 0.13 : 0.004 : 1.2t : 0.41t : 0.04t : 0.08t .
• We obtain the following relative branching ratios for the |D¯∗Σc; 3/2−〉 decays:
B (|D¯∗Σc; 3/2−〉 → J/ψp : ηcp : χc1p : D¯∗0Λ+c : D¯0Σ+c : D¯−Σ++c )
B (|D¯∗Σc; 3/2−〉 → J/ψp) (95)
≈ 1 : 0.005 : 10−4 : 0.35t : 10−5t : 10−5t .
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In these expressions, t ≡ a22
a2
1
≈ c22
c2
1
≈ e22
e2
1
is the parame-
ter measuring which processes happen more easily, the
processes depicted in Figs. 2&3(a) or the processes de-
picted in Figs. 2&3(b,c). Generally speaking, the ex-
change of one light quark with another light quark seems
to be easier than the exchange of one light quark with an-
other heavy quark [103], so it can be the case that t ≥ 1.
There are two phase angles, which have not been taken
into account in the above expressions yet. We investi-
gate their relevant uncertainties in Appendix C, where
we also give the relative branching ratios for the D¯(∗)Σc
hadronic molecular states of I = 3/2, and separately for
the D¯(∗)0Σ+c and D¯
(∗)−Σ++c hadronic molecular states.
To extract these results:
• We have only considered the leading-order fall-
apart decays described by color-singlet-color-
singlet meson-baryon currents, but neglected the
O(αs) corrections described by color-octet-color-
octet meson-baryon currents, so there can be other
possible decay channels.
• We have omitted all the charmed baryon fields of
J = 3/2, so we can not study decays of Pc states
into the D¯Σ∗c final state. However, we have kept all
the charmed baryon fields that can couple to the
JP = 1/2+ ground-state charmed baryons Λc and
Σc, i.e., fields given in Eqs. (15), so decays of Pc
states into the D¯(∗)Λc and D¯Σc final states have
been well investigated in the present study.
• We have omitted all the light baryon fields of J =
3/2, so we can not study decays of Pc states into
charmonia and ∆/N∗. However, we have kept all
the light baryon fields of JP = 1/2+, i.e., terms
depending onN1 andN2, so decays of Pc states into
charmonia and protons have been well investigated
in the present study.
Our conclusions are:
• Firstly, we compare the ηcp and J/ψp channels:
B (|D¯Σc; 1/2−〉 → ηcp)
B (|D¯Σc; 1/2−〉 → J/ψp) ≈ 3.8 ,
B (|D¯∗Σc; 1/2−〉 → ηcp)
B (|D¯∗Σc; 1/2−〉 → J/ψp) ≈ 0.13 , (96)
B (|D¯∗Σc; 3/2−〉 → ηcp)
B (|D¯∗Σc; 3/2−〉 → J/ψp) ≈ 0.005 .
These ratios are quite similar to those obtained us-
ing the heavy quark spin symmetry [48]. Since the
width of the |D¯Σc; 1/2−〉 decay into the ηcp final
state is comparable to its decay width into J/ψp,
we propose to confirm the existence of the Pc(4312)
in the ηcp channel.
• Secondly, we compare the D¯(∗)Λc and J/ψp chan-
nels:
B (|D¯∗Σc; 1/2−〉 → D¯0Λ+c )
B (|D¯∗Σc; 1/2−〉 → J/ψp) ≈ 1.2t , (97)
and
B (|D¯Σc; 1/2−〉 → D¯∗0Λ+c )
B (|D¯Σc; 1/2−〉 → J/ψp) ≈ 0.69t ,
B (|D¯∗Σc; 1/2−〉 → D¯∗0Λ+c )
B (|D¯∗Σc; 1/2−〉 → J/ψp) ≈ 0.41t , (98)
B (|D¯∗Σc; 3/2−〉 → D¯∗0Λ+c )
B (|D¯∗Σc; 3/2−〉 → J/ψp) ≈ 0.35t .
Accordingly, we propose to observe the Pc(4312),
Pc(4440), and Pc(4457) in the D¯
∗0Λ+c channel.
Moreover, the D¯0Λ+c channel can be an ideal chan-
nel to extract the spin-parity quantum numbers of
the Pc(4440) and Pc(4457).
• Thirdly, we compare the D¯Σc and J/ψp channels:
B (|D¯∗Σc; 1/2−〉 → D¯0Σ+c )
B (|D¯∗Σc; 1/2−〉 → J/ψp) ≈ 0.04t , (99)
B (|D¯∗Σc; 1/2−〉 → D¯−Σ++c )
B (|D¯∗Σc; 1/2−〉 → J/ψp) ≈ 0.08t ,
and
B (|D¯∗Σc; 3/2−〉 → D¯0Σ+c )
B (|D¯∗Σc; 3/2−〉 → J/ψp) ≈ 10
−5t , (100)
B (|D¯∗Σc; 3/2−〉 → D¯−Σ++c )
B (|D¯∗Σc; 3/2−〉 → J/ψp) ≈ 10
−5t .
Accordingly, we propose to observe the Pc(4440)
and Pc(4457) in the D¯
−Σ++c channel, which is an-
other possible channel to extract their spin-parity
quantum numbers.
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Appendix A: Parameters and decay formulae
We list masses of Pc states used in the present study,
taken from the LHCb experiment [4]:
Pc(4312)
+ : m = 4311.9 MeV ,
Pc(4440)
+ : m = 4440.3 MeV , (A1)
Pc(4457)
+ : m = 4457.3 MeV .
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We list masses of charmonium mesons and charmed
mesons used in the present study, taken from PDG [2]
and partly averaged over isospin:
ηc(1S) : m = 2983.9 MeV ,
J/ψ(1S) : m = 3096.900 MeV ,
χc0(1P ) : m = 3414.71 MeV , (A2)
χc1(1P ) : m = 3510.67 MeV ,
D/D¯ : m = 1867.24 MeV ,
D∗/D¯∗ : m = 2008.55 MeV .
We list masses of the proton and charmed baryons used
in the present study, taken from PDG [2] and partly av-
eraged over isospin:
proton : m = 938.272 MeV ,
Λ+c : m = 2286.46 MeV , (A3)
Σc : m = 2453.44 MeV .
In this paper we only investigate two-body decays, and
their widths can be easily calculated. In the calculations
we use the following formula for baryon fields of spin 1/2
and 3/2:∑
spin
u(p)u¯(p) = (p/+m) , (A4)
∑
spin
uµ(p)u¯µ′(p) =
(
gµµ′ − 1
3
γµγµ′ (A5)
− pµγµ′ − pµ′γµ
3m
− 2pµpµ′
3m2
)
(p/+m) .
Appendix B: Heavy and light baryon fields
First we construct charmed baryon interpolating fields.
We refer to Ref. [89] for detailed discussions. There are
altogether nine independent charmed baryon fields:
BG
3¯,1 = ǫabcǫ
ABG(qaTA Cq
b
B)γ5c
c , (B1)
BG
3¯,2 = ǫabcǫ
ABG(qaTA Cγ5q
b
B)c
c , (B2)
BG
3¯,3 = ǫabcǫ
ABG(qaTA Cγµγ5q
b
B)γ
µcc , (B3)
BG
3¯,µ = P
3/2
µν ǫabcǫ
ABG(qaTA Cγ
νγ5q
b
B)γ5c
c , (B4)
BU
6,4 = ǫabcS
U
AB(q
aT
A Cγµq
b
B)γ
µγ5c
c , (B5)
BU
6,5 = ǫabcS
U
AB(q
aT
A Cσµνq
b
B)σ
µνγ5c
c , (B6)
BU
6,µ = P
3/2
µν ǫabcS
U
AB(q
aT
A Cγ
νqbB)c
c , (B7)
B′U
6,µ = P
3/2
µν (B
U,ν
6,7 +B
U,ν
6,8ν) , (B8)
BU
6,µν = P
3/2
µναβ(B
U,αβ
6,7 +B
U,αβ
6,8 ) , (B9)
where
BU
6,7µ = ǫabcS
U
AB(q
aT
A Cσµνq
b
B)γ
νcc , (B10)
BU
6,8µ = ǫabcS
U
AB(q
aT
A Cσµνγ5q
b
B)γ
νγ5c
c , (B11)
BU
6,7µν = ǫabcS
U
AB(q
aT
A Cσµνq
b
B)γ5c
c , (B12)
BU
6,8µν = ǫabcS
U
AB(q
aT
A Cσµνγ5q
b
B)c
c . (B13)
In the above expressions, a, b, c are color indices and the
sum over repeated indices is taken; A,B,G,U are SU(3)
flavor indices, so that qA = {u, d, s}; ǫABG is the totally
antisymmetric matrix with G = 1, 2, 3, so that BG
3¯,i
be-
long to the SU(3) flavor 3¯F representation; S
U
AB are the
totally symmetric matrices with U = 1 · · · 6, so that BU
6,i
belong to the SU(3) flavor 6F representation; c
c is the
charm quark field with the color index c; C is the charge-
conjugation matrix; P
3/2
µν and P
3/2
µναβ are two J = 3/2
projection operators.
Among the nine fields given in Eqs. (B1-B9), BG
3¯,1
,
BG
3¯,2
, BG
3¯,3
, BU
6,4, and B
U
6,5 have pure spin J = 1/2, and
BG
3¯,µ
, BU
6,µ, B
′U
6,µ, and B
U
6,µν have pure spin J = 3/2.
In the present study we only take into account the
JP = 1/2+ “ground-state” charmed baryon fields, BG
3¯,2
and BU
6,4; while we omit other charmed baryon fields,
BG
3¯,1
, BG
3¯,3
, BG
3¯,µ
, BU
6,5, B
U
6,µ, B
′U
6,µ, and B
U
6,µν , all of which
do not couple to the JP = 1/2+ ground-state charmed
baryons Λc and Σc within the framework of heavy quark
effective theory [90].
Then we give the relations among light baryon fields.
We refer to Refs. [68–70, 91–95] for detailed discussions.
According to the results of Ref. [91], we can use u, u, and
d (q = u/d) quarks to construct five independent baryon
fields:
N1 = ǫ
abc(uTaCdb)γ5uc , (B14)
N2 = ǫ
abc(uTaCγ5db)uc , (B15)
N ′µ3 = ǫ
abc(uTaCγ
µγ5db)γ5uc , (B16)
N ′µ4 = ǫ
abc(uTaCγ
µdb)uc , (B17)
N ′µν5 = ǫ
abc(uTaCσ
µνdb)γ5uc . (B18)
Among these fields, the former two N1,2 have pure spin
J = 1/2, but the latter three N
′µ(ν)
3,4,5 do not have pure
spin J = 3/2. We need to further use the projection
operators Pµα3/2 and P
µναβ
3/2 to obtain N
µ(ν)
3,4,5, already given
in Eqs. (31), which have pure spin J = 3/2. The relations
between N
µ(ν)
3,4,5 and N
′µ(ν)
3,4,5 are
Nµ3 = P
µα
3/2 ×N ′3α (B19)
= N ′µ3 +
1
4
γµγ5(N1 −N2) ,
Nµ4 = P
µα
3/2 ×N ′4α (B20)
= N ′µ4 +
1
4
γµγ5(N1 −N2) ,
Nµν5 = P
µναβ
3/2 ×N ′5αβ (B21)
= N ′µν5 +
i
2
γνγ5(N
′µ
3 +N
′µ
4 )
− i
2
γµγ5(N
′ν
3 +N
′ν
4 ) +
1
3
σµν(2N1 −N2) .
All the other baryon fields can be transformed to
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N
(′µν)
1,2,3,4,5
(
and so to N
(µν)
1,2,3,4,5
)
through:
ǫabc(uTaCγ
µdb)γµγ5uc = N1 −N2 , (B22)
ǫabc(uTaCγ
µγ5db)γµuc = N1 −N2 ,
ǫabc(uTaCσ
µνdb)σµνγ5uc = −2N1 − 2N2 ,
ǫabc(uTaCγνdb)σ
µνuc
= −iN ′µ4 − iγµγ5(N1 −N2) ,
ǫabc(uTaCγνγ5db)σ
µνγ5uc
= −iN ′µ3 − iγµγ5(N1 −N2) ,
ǫabc(uTaCσ
µνdb)γνuc
= iN ′µ3 + iN
′µ
4 + iγ
µγ5N1 ,
ǫabc(uTaCσ
µνγ5db)γνγ5uc
= −iN ′µ3 − iN ′µ4 + iγµγ5N2 ,
ǫabc(uTaCσ
µνγ5db)uc
= N ′µν5 + iγ
νγ5(N
′µ
3 +N
′µ
4 )
− iγµγ5(N ′ν3 +N ′ν4 ) + σµν(N1 −N2) ,
ǫabcǫµνρσ(uTaCσραdb)σσαuc
= −2N ′µν5 − iγνγ5(N ′µ3 +N ′µ4 )
+ iγµγ5(N
′ν
3 +N
′ν
4 )− 2σµνN1 ,
ǫabcǫµνρσ(uTaCγρdb)γσuc
= −iγνγ5N ′µ4 + iγµγ5N ′ν4 − σµν(N1 −N2) ,
ǫabcǫµνρσ(uTaCγργ5db)γσγ5uc
= −iγνγ5N ′µ3 + iγµγ5N ′ν3 − σµν(N1 −N2) ,
and
ǫabc(uTaCub)γ5dc = 0 , (B23)
ǫabc(uTaCγ5ub)dc = 0 ,
ǫabc(uTaCγ
µub)γµγ5dc = −2N1 + 2N2 ,
ǫabc(uTaCγ
µγ5ub)γµdc = 0 ,
ǫabc(uTaCσ
µνub)σµνγ5dc = 4N1 + 4N2 ,
ǫabc(uTaCγ
µub)dc
= N ′µ3 +N
′µ
4 + γ
µγ5(N1 −N2) ,
ǫabc(uTaCγ
µγ5ub)γ5dc = 0 ,
ǫabc(uTaCγνub)σ
µνdc
= −iN ′µ3 − iN ′µ4 + iγµγ5(N1 −N2) ,
ǫabc(uTaCγνγ5ub)σ
µνγ5dc = 0 ,
ǫabc(uTaCσ
µνub)γνdc
= −iN ′µ3 + iN ′µ4 − iγµγ5(N1 +N2) ,
ǫabc(uTaCσ
µνγ5ub)γνγ5dc
= iN ′µ3 − iN ′µ4 − iγµγ5(N1 +N2) ,
ǫabc(uTaCσ
µνub)γ5dc
= N ′µν5 + iγ
νγ5N
′µ
3 − iγµγ5N ′ν3 + σµνN1 ,
ǫabc(uTaCσ
µνγ5ub)dc
= N ′µν5 + iγ
νγ5N
′µ
4 − iγµγ5N ′ν4 + σµνN1 ,
ǫabcǫµνρσ(uTaCσραub)σσαdc
= −2N ′µν5 − iγνγ5(N ′µ3 +N ′µ4 )
+ iγµγ5(N
′ν
3 +N
′ν
4 ) + 2σ
µνN2 ,
ǫabcǫµνρσ(uTaCγρub)γσdc
= −iγνγ5(N ′µ3 +N ′µ4 ) + iγµγ5(N ′ν3 +N ′ν4 ) ,
ǫabcǫµνρσ(uTaCγργ5ub)γσγ5dc = 0 .
Appendix C: Uncertainties due to phase angles
There are two different effective Lagrangians for the
|D¯0Σ+c ; 1/2−〉 (and |D¯−Σ++c ; 1/2−〉) decay into the ηcp
final state, as given in Eqs. (52) and (53):
Lηcp = gηcp P¯cN ηc , (C1)
L′ηcp = g′ηcp P¯cγµN ∂µηc . (C2)
There are also two different effective Lagrangians for
the |D¯∗0Σ+c ; 1/2−〉 (and |D¯∗−Σ++c ; 1/2−〉) decay into the
J/ψp final state, as given in Eqs. (63) and (64):
Lψp = gψp P¯cγµγ5N ψµ , (C3)
L′ψp = g′ψp P¯cσµνγ5N ∂µψν . (C4)
There can be a phase angle θ between gηcp and g
′
ηcp and
another phase angle θ′ between gψp and g
′
ψp, both of
which can not be determined in the present study. In this
appendix we rotate θ/θ′ and redo all the calculations.
• We obtain the following relative branching ratios for the D¯(∗)Σc hadronic molecular states of I = 1/2:
B (|D¯Σc; 1/2−〉 → J/ψp : ηcp : D¯∗0Λ+c )
B (|D¯Σc; 1/2−〉 → J/ψp) (C5)
≈ 1 : 0.5 ∼ 3.8 : 0.69t ,
B (|D¯∗Σc; 1/2−〉 → J/ψp : ηcp : χc0p : D¯0Λ+c : D¯∗0Λ+c : D¯0Σ+c : D¯−Σ++c )
B (|D¯∗Σc; 1/2−〉 → J/ψp) ∣∣θ′=0 (C6)
≈ 1 ∼ 1.8 : 0.1 ∼ 1.1 : 0.004 : 1.2t : 0.41t : 0.04t : 0.08t ,
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B (|D¯∗Σc; 3/2−〉 → J/ψp : ηcp : χc1p : D¯∗0Λ+c : D¯0Σ+c : D¯−Σ++c )
B (|D¯∗Σc; 3/2−〉 → J/ψp) (C7)
≈ 1 : 0.005 : 10−4 : 0.35t : 10−5t : 10−5t .
• We obtain the following relative branching ratios for the D¯(∗)Σc hadronic molecular states of I = 3/2:
B (|D¯∗Σc; 1/2−′〉 → D¯−Σ++c )
B (|D¯∗Σc; 1/2−′〉 → D¯0Σ+c ) ≈ 0.5 , (C8)
B (|D¯∗Σc; 3/2−′〉 → D¯−Σ++c )
B (|D¯∗Σc; 3/2−′〉 → D¯0Σ+c ) ≈ 0.5 . (C9)
• We obtain the following relative branching ratios for the D¯(∗)0Σ+c hadronic molecular states:
B (|D¯0Σ+c ; 1/2−〉 → J/ψp : ηcp : D¯∗0Λ+c )
B (|D¯0Σ+c ; 1/2−〉 → J/ψp) (C10)
≈ 1 : 0.5 ∼ 3.8 : 0.69t ,
B (|D¯∗0Σ+c ; 1/2−〉 → J/ψp : ηcp : χc0p : D¯0Λ+c : D¯∗0Λ+c : D¯0Σ+c : D¯−Σ++c )
B (|D¯∗0Σ+c ; 1/2−〉 → J/ψp) ∣∣θ′=0 (C11)
≈ 1 ∼ 1.8 : 0.1 ∼ 1.1 : 0.004 : 1.2t : 0.41t : 0.35t : 0.70t ,
B (|D¯∗0Σ+c ; 3/2−〉 → J/ψp : ηcp : χc1p : D¯∗0Λ+c : D¯0Σ+c : D¯−Σ++c )
B (|D¯∗0Σ+c ; 3/2−〉 → J/ψp) (C12)
≈ 1 : 0.005 : 10−4 : 0.35t : 10−4t : 10−4t .
• We obtain the following relative branching ratios for the D¯(∗)−Σ++c hadronic molecular states:
B (|D¯−Σ++c ; 1/2−〉 → J/ψp : ηcp : D¯∗0Λ+c )
B (|D¯−Σ++c ; 1/2−〉 → J/ψp) (C13)
≈ 1 : 0.5 ∼ 3.8 : 0.69t ,
B (|D¯∗−Σ++c ; 1/2−〉 → J/ψp : ηcp : χc0p : D¯0Λ+c : D¯∗0Λ+c : D¯0Σ+c : D¯−Σ++c )
B (|D¯∗−Σ++c ; 1/2−〉 → J/ψp) ∣∣θ′=0 (C14)
≈ 1 ∼ 1.8 : 0.1 ∼ 1.1 : 0.004 : 1.2t : 0.41t : 0.35t : 0 ,
B (|D¯∗−Σ++c ; 3/2−〉 → J/ψp : ηcp : χc1p : D¯∗0Λ+c : D¯0Σ+c : D¯−Σ++c )
B (|D¯∗−Σ++c ; 3/2−〉 → J/ψp) (C15)
≈ 1 : 0.005 : 10−4 : 0.35t : 10−4t : 0 .
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